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Abstract
We performed direct numerical simulations to investigate the interaction of a vertical ice interface with seawater, and particularly
the small-scale convection generated when a wall of Antarctic ice melts in the salty and warmer seawater. The three coupled
interface equations are used, along with the Boussinesq and non-hydrostatic governing equations of motion and equation of state
for seawater, to solve for interface temperature, salinity and melt rate. Fluxes of both heat and salt to the interface play signiﬁcant
roles in rate of ice melting. The main focus is on the dissolving of ice (at ambient water temperatures between −1◦ C and 6◦ C and
salinity around 35 ‰) as characterizes many sites around Antarctica. Under these conditions the diﬀusion of salt to the ice-water
interface depresses the freezing point and further enhances heat diﬀusion to the ice.
© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Over the past decade, the Antarctic and Greenland Ice Sheets have been losing mass at an alarming rate. Satellite
radar measurements during 1992 to 2006 showed that the loss rate of Antarctic ice mass has increased by 75%1.
Antarctic ice-shelves are melting by turbulent transport of heat and salt to the ice face, predominantly under the
inﬂuence of warmer and salty Circumpolar Deep Water entering ice shelf cavities from the surrounding Southern
Ocean5,1. The water exiting ice shelf cavities contributes to Antarctic Bottom Water, providing a crucial component
of the global thermohaline circulation. Both heat and salinity play a signiﬁcant role in the melting process which takes
place inside a boundary layer in proximity to the ice-shelf. Knowledge of these processes, and the feedbacks between
them, is needed to predict melting rate and future rises in sea level.
∗ Corresponding author. Tel.: +61261259969.
E-mail address: Bishakhdatta.gayen@anu.edu.au
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons. rg/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of Indian Institute of Technology, Hyderabad.
 Bishakhdatta Gayen et al. /  Procedia IUTAM  15 ( 2015 )  78 – 85 79
Nomenclature
x, y, z co-ordinate system
u, v,w velocities in x,y and z directions respective
mi melting rate
Tw far ﬁeld water temperature
S w far ﬁeld water salinity
S b imposed ambient salinity
ρb imposed ambient density
Ti interface temperature
S i interface salinity
QH heat ﬂux
QS salinity ﬂux
Gr Grashof number
Pr Prandtl number
S c Schmidt number
lη thermohaline layer thickness
The limited availability of ﬁeld data regarding the thickness and velocity of the ice, and the position of the ground-
ing line (where the ice shelf meets the ocean ﬂoor) make it diﬃcult to determine the mass loss from the Antarctic
ice-shelf and the mechanisms responsible. Recent ﬁeld measurements by Jenkins et al. 20106 near Pine Island
Glacier used an autonomous underwater vehicle to provide detailed measurements in close proximity to the melting
ice sheet. These observations support the idea that the melting and retreat of the ice-shelf grounding line is occurring
due to the uptake of heat from relatively warm and salty Antarctic Circumpolar Deep Water5,1. Seawater next to the
Antarctic ice shelves is commonly observed to have a stable gradient in salinity and an unstable gradient in tempera-
ture6. However, the ﬂow ﬁeld near the ice water interface is very diﬃcult to measure and large uncertainties lie in the
accurate prediction of melting rate.
Modelling ice-shelf melting processes is a signiﬁcant challenge and there are only limited data available from lab-
oratory experiments on melting of ice under oceanic conditions. Groundbreaking experiments12,13 showed formation
of double-diﬀusive layers and eﬃcient mixing of melt water from a vertical block of ice in warm water with a salinity
gradient. Later, laboratory experiments by Josberger & Martin7 examined melting of vertical ice-block of O(1)m
of height in salt-water of uniform far-ﬁeld temperature and salinity. Those experiments covered the wide range of
surrounding water temperature and characterised the ﬂow near the interface.
Depending on the temperature of the surrounding seawater, ice shelves may either melt or dissolve. Melting will
occur when the seawater is suﬃciently warm, and it is controlled only by heat transfer11. During melting, the interface
salinity is zero, and the interface temperature is the melting point of ice (e.g. 0◦C at atmospheric pressure). On the
other hand when the sea temperature is close to or below the melting point of fresh ice, dissolution will take place and
is governed by a combination of heat and mass transfer7,11. During dissolution, the interface salinity is non-zero, and
the interface temperature is less than the melting point of ice and further enhances heat transfer. Recently, laboratory
experiments10 have studied the dissolving process and proposed a theoretical estimation for the scaling of melt rate. In
many regions Antarctic seawater stays at temperatures close to 0◦C 4,5, thus dissolution might play a key role in those
environments. The present study will also cover the dissolution dominated regime by maintaining low surrounding
water temperature (0◦C < Tw < 6◦C).
The ice-ocean interaction problem is computationally challenging because the grid size must be suﬃciently small
that both the thermal (δH) and salinity (δS ) boundary layers are resolved. In particular, δS is order of 1 mm, which is an
order of magnitude smaller than δH . At the micro-level the role of the diﬀusion of salt to the ice-ocean interface, which
leads to dissolution of the ice plays, is very complex. Most global ocean models8,14 and regional ocean modeling
systems15 describe the ﬂow ﬁeld at a much larger scale (> O(1) km) and rely on parameterizations of the smaller
unresolved scales, including the boundary layer against the ice interface. These parameterizations are not coupled
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Fig. 1. (a) Schematic of the domain used for the simulation: the vertical ice block of height H is placed at the left hand side of the domain and ice-
block is contact with sea-water at temperature Tw and salinity S w. Right hand of the domain has open boundary condition by using a sponge layer.
Interface conditions (Ti, S i and mi) are evaluated from heat and salinity ﬂux balance at that surface. Superposed is a snapshot of the temperature
ﬁeld T (C◦) in the x–z plane from the thermally-equlibrated numerical simulation. (b) Cartoon illustrating heat and salt ﬂuxes.
to the grid resolution, to which the results are sometimes sensitive3. Here we report the ﬁrst turbulence-resolving
simulations with no parameterizations to study the melting of ice in the sea-water under polar conditions.
2. Problem deﬁnition
The ﬂow ﬁeld is solved using direct numerical simulation (DNS) in a three-dimensional tall rectangular domain
with length L, height H and width W (in which direction the domain is periodic) shown in ﬁgure 1a. The ﬂuid
is assumed linear with kinematic viscosity ν, thermal diﬀusivity κT , salinity diﬀusivity κS , coeﬃcient of thermal
expansion α and coeﬃcient of haline contraction γ. The ﬂow involves only a small range of temperature over which
the real equation of state is usefully approximated as linear without signiﬁcant eﬀects on the ﬂow. Navier-Stokes
equations under the Boussinesq approximation are written in Cartesian coordinates [x, y, z] in dimensional form as:
∇ · u=0 (1)
Du
Dt
=− 1
ρ0
∇p∗ + ν∇2u − ρ
∗
ρ0
gk (2)
DT ∗
Dt
=κT∇2T ∗ − wdT
b
dz
(3)
DS ∗
Dt
=κS∇2S ∗ − wdS
b
dz
(4)
ρ∗ = ρ0(γS ∗ − αT ∗) (5)
Here, p∗, T ∗, S ∗ and ρ∗ denote deviation from the background pressure (pb), temperature (Tb), salinity (S b) and
density (ρb), respectively. The governing parameters are the Grashof number , Prandtl number and Schmidt number,
Gr ≡ αg(Tw − Ti)H
3
ν2
, Pr ≡ ν
κT
, S c ≡ ν
κS
, (6)
respectively, where Ti is the interface temperature and Tw is temperature of the surrounding water. The simulations
cover the range 5 × 109 ≥ Gr ≥ 5 × 1010 with Pr = 5 are S c = 100.
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Three coupled equations relating the freezing point and conservation of heat and salt ﬂux play a key role in deter-
mining the interface conditions particularly the melting rate7,8. The ﬁrst of these constraints is
Ti = aS S i + b + cPPi (7)
which sets the interface temperature based on the salinity at the interface S i and hydrostatic pressure Pi. Here, aS is
the slope of liquidus for seawater (−5.73 × 10−2 ◦C psu−1), b is the oﬀset of liquidus for seawater (0 ◦C), cP is the
change in freezing temperature with pressure (−7.61 × 10−4 ◦C dbar−1). The second equation deals with the balance
between latent heat due to melting Qm and the divergence of heat ﬂux (QHi − QHw ) at the interface as
QHi − QHw = Qm, (8)
where QHi and Q
H
w are heat ﬂuxes at the interface in the ice and water, respectively. Similarly, a ﬂux balance condition
between the fresh water release associated with melting, Qs (brine rejection), and the salt ﬂux divergence (QSi − QSw)
at the interface gives
QSi − QSw = Qs. (9)
The latter condition maintains the interface salinity at S i. The ﬂux balances are shown as a cartoon in ﬁgure 1b.
Based on ocean observations9 the diﬀusive salinity ﬂux, QSi , in the ice and the salinity in the ice are negligible. The
right hand side boundary of the computational domain is maintained as an open boundary by relaxing temperature
and salinity on the boundary back to its background temperature Tb and salinity S b, respectively. At top and bottom
boundaries, no slip condition is imposed for velocities and a no-ﬂux condition is maintained for the temperature and
salinity ﬁeld.
The simulations use a mixed spectral/ﬁnite diﬀerence algorithm where spanwise (y) derivatives are treated with
a pseudo-spectral method, and the wall normal (x and z direction) spatial derivatives are computed with second-
order ﬁnite diﬀerences. A third-order Runge-Kutta method is used for time-stepping, and viscous terms are treated
implicitly with the Crank-Nicolson method. The test domain, excluding the sponge region, consists of a rectangular
box of 0.5m length, 1 m height and 0.2 m width. The grid size in the test domain is 512× 256× 1500 in the x, y and z
directions, respectively, with stretching in x and z directions. The grid spacing (Δxmin = 0.00001 m, Δxmax = 0.02 m,
Δz = 0.0006 m, Δy = 0.0004 m) is suﬃcient to resolve turbulent micro scales and the salinity boundary layer adjacent
to the ice-water interface. Spanwise grid-spacing is determined to be suﬃcient for DNS by examining the spanwise
spectra. Variable time stepping with a ﬁxed Courant-Friedrichs-Lewy number of 1.2 is used which gives time step,
Δt  0.005 s.
3. Results
3.1. Melting at uniform background condition
Melting at diﬀerent background temperature conditions and at constant salinity S w = 35‰ is examined and melt-
ing rates are compared with previous experiments7,10 as shown in ﬁgure 2a. Increasing surrounding temperature
enhances the heat transfer rate and hence increases melting. Our numerical simulations show very good agreement
with the experimental results and show a linear tend with ambient temperature Tw. Variation of interface temperature
with far ﬁeld temperature is examined in ﬁgure 2b. The interface temperature drops with decreasing ambient tem-
perature. It is interesting to note that even at ambient temperature close to 0◦C melting happens due to depression of
freezing point below 0◦C by diﬀusion of salt to the interface. Thus we have dissolution of ice into the saline ambient
water, a process controlled by both heat and mass transfers.11.
The boundary layer produced from the melting of vertical ice interface has signiﬁcant spatial variability. Less
dense water released from the melting moves upward and forms a boundary layer adjacent to the ice block as shown
in ﬁgure 3. Based on the far ﬁeld condition for the present test case, a bidirectional ﬂow ﬁeld is setup near the lower
portion of the ice block as previously observed in laboratory experiments at a similar condition7. Flow adjacent to
the ice face is a narrow and laminar boundary layer with O(1) mm thickness, which is bounded on the outer side by
a wider downward outﬂow of thickness of 8-10 mm as seen in at the lower portion of the iceblock in ﬁgure 4. After
reaching the bottom boundary, downward ﬂow moves horizontally away from the ice-face. This outer layer grows
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Fig. 2. (a) Melting rates as function of ﬂuid temperature Tw at a ﬁxed background salinity of Sw = 35 ‰. The results are compared with the
experimental values from Josberger & Martin 19897 and Kerr & McConnochie 201410. Similar to (a) temperatures at the sea-ice interface are
measured in (b).
(a) (b)
(c)
Fig. 3. Snapshot of the instantaneous (a) vertical velocity and (b) span wise velocity ﬁeld on a vertical x−z plane at far ﬁeld temperature Tw = 2.3◦C
and salinity Sw = 35 ‰. (c) Depth dependent interface temperature and melting rate at similar far ﬁeld condition.
wider with depth but remains laminar. Transition from laminar to turbulent ﬂows occurs in the inner boundary layer
around a height of 60-80 mm from the bottom of the tank. This inner layer becomes fully turbulent above 100mm
from the bottom boundary, generating large responses in horizontal velocity as shown in ﬁgure 3b.
This boundary layer structure also inﬂuences on the distribution of the melting rate. In the laminar regime melting
rate is small due to low interface temperature. In the transition region interface temperature and melting rate increase
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Fig. 4. Snapshot of the instantaneous vertical velocity ﬁeld on a vertical x − z plane. Vector ﬁeld is shown at a depth of z = 0.0615 m.
(a) (b) (c)
Fig. 5. Snapshot of the instantaneous (a) horizontal velocity (u) in x-direction, (b ) temperature anomaly and salinity anomaly ﬁeld on a vertical
x − z plane at far ﬁeld temperature Tw = 5◦C and salinity gradient dS b/dz = 10 ‰ m−1.
rapidly and melting rate reaches a maximum around ∼ 80 mm. The location of most pronounced melting is close
proximity to the depth at which the outer downward ﬂow begins and may cause the formation of a notch in the ice
surface, as previously reported in experiments by Josberger & Martin 19817. Above this depth the melting drops
gradually and becomes independent of height in the turbulent boundary layer region. Interface temperature also is
independent of the depth above this transition layer.
3.2. Melting at nonuniform background condition
Melting into a stable salinity gradient is examined in this section, where the surrounding water is linearly stratiﬁed
by salt. Water temperature is kept constant for all the experiments. The ﬂow patten is remarkably diﬀerent from the
uniform ambient case. Here we present a case with far ﬁeld temperature at Tw = 5◦C, salinity at S w = 35 ‰ m−1 and
salinity gradient dS b/dz = 10 ‰ m−1.
In the vicinity of the ice face, the melt water is still buoyant, predominantly due to the fresh water released by
melting and moves upwards as a narrow turbulent ﬂow. The external ﬂow is less inﬂuenced by the fresh water
exchange from the internal ﬂow, and sets up by the temperature diﬀerence between far ﬁeld water (at Tw) and well
mixed boundary ﬂow (at Ti). When this ambient ﬂow approaches the ice-face, it gets cooled by the interior mixed
ﬂow and starts sinking. This circulation is shown by horizontal velocity in ﬁgure 5a. Because diﬀusion of salt is much
smaller than that of heat, such parcels retain its salinity as they sink in a continuously increasing density ﬁeld. The
height of sinking cannot be more than
lη =
[
ρ(Tw, S w) − ρ(Ti, S w)] /dρbdz , (10)
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where ρ is density as a function of temperature and salinity. The motion creates a series of layers as shown in ﬁgure
5. This phenomenon is similar to the previous laboratory observation by Huppert & Turner 198013. For the present
parameters the value of lη is calculated as 0.16 m.The average layer depth in our simulations is to be 0.11 m in our
simulation, which is also consistent with layer depths measured in the laboratory13. It is observed that ﬂow towards the
ice-face is angled downward and water ﬂowing away is angled upward. The water travelling away from the ice-face
receives heat by double-diﬀusive convection from warmer and saltier ﬂuid ﬂowing underneath and loses its buoyancy.
Conclusion
Direct numerical simulations are carried out to study the melting process at various background conditions relevant
to the polar region. The Grashof number of ﬂow is maintained well above its critical value to acheive fully turbulent
ﬂow inside the melting boundary layer. Ambient temperature is varied between −1◦C and 6◦C with a salinity around
35 ‰. Under such conditions, the diﬀusion of salt to the ice-water interface depresses the freezing point and further
enhances heat diﬀusion into the ice. Our results accurately capture the complex melting dynamics and the observed
melting rates are consistent with the previous experiments. We observed bidirectional ﬂow, which consists of a
narrow upward ﬂow of relatively fresh water from the ice interface and a broader downward ﬂow of cold denser water,
particularly near the bottom of the ice face. This upward ﬂow becomes fully turbulent over most of the height of the
box after a transition, where melting rate is at a maximum. Over the turbulent boundary layer melting rate is nearly
constant.
Melting into a surrounding salinity gradient forms double-diﬀusive layers, the thickness of which depends on the
ambient density gradient and the diﬀerence of density between the freezing point (interface temperature) and the
ambient water temperature. Our DNS results successfully reproduce multiple thermohaline layers, as observed in
previous laboratory experiments. These layers further aﬀect the shape of the ice-face by making spanwise groves.
Acknowledgements
Computations were carried out using the Australian National Computational Infrastructure, through the National
Computational Merit Allocation Scheme supported by the Australian Government. This work was supported by
Australian Research Council grant DP120102772. B. G. was supported by ARC DECRA Fellowship DE140100089.
References
1. Rignot E., Bamber J. L., Van Den Broeke M. R., Davis C., Li Y. H., Van De Berg W. J., Van Meijgaard E. Recent Antarctic ice mass loss from
radar interferometry and regional climate modelling.Nature Geo. Sci. 2008, 1(2): 106-110.
2. Anisimov et al. Section 11.2.1.2: Models of thermal expansion, Table 1.3, in IPCC TAR WG1 2001.
3. Morrison, A. K., Hogg, A. McC., Ward, M. L. Sensitivity of the Southern Ocean overturning circulation to surface buoyancy forcing. Geophys.
Res. Lett. 2011; 38: L14602.
4. Rignot E., Jacobs, S. S. Rapid bottom melting widespread near Antarctic ice sheet grounding lines. Science 2002, 296 2020-2023.
5. Payne, A. J., Vieli, A., Shepherd, A. P., Wingham, D. J., Rignot, E. Recent dramatic thinning of largest West Antarctic ice stream triggered by
oceans. Geophys. Res. Lett. 2004; 31, L23401.
6. Jenkins, A., Dutrieux, P., Jacobs, S. S., McPhail, S. D., Perrett, J. R., Webb, A. T., White, D. Observations beneath Pine Island Glacier in west
antarctica and implications for its retreat. Nature Geosci. 2010; 3: 468?472.
7. Josberger E. G., and Martin S. A laboratory and theoretical study of the boundary layer adjacent to a vertical melting ice wall in salt water. J.
Fluid Mech. 1981, 111: 439-473.
8. Holland D. M., Jenkins A., Modeling thermodynamic ice-ocean interactions at the base of an ice shelf. J. Phys. Oceanogr. 1999; 29:1787-1800.
9. Oerter H., Kipfstuhl J., Determann J., Miller H., Wagenbach D., Minikin A. Graf W. Evidence for basal marine ice in the Filchner-Ronne ice
shelf. Nature 1992; 358: 399-401.
10. Kerr R. C., McConnochie C. D. Dissolution of a vertical solid surface by turbulent compositional convection. Journal of Fluid Mechanics
2014; submitted.
11. Woods A. W. Melting and dissolving. J. Fluid Mech. 1992; 239:429-448.
12. Huppert H. E., Turner J. S. On melting icebergs. Nature 1978; 271: 46-48.
13. Huppert H. E., Turner J. S. Ice blocks melting into a salinity gradient. J. Fluid Mech. 1980; 100: 367-384.
14. Holland, P. R., Jenkins, A., Holland, D. M. The response of ice shelf basal melting to variations in ocean temperature. J. Climate. 2008; 21:
2558-2572.
 Bishakhdatta Gayen et al. /  Procedia IUTAM  15 ( 2015 )  78 – 85 85
15. Galton-Fenzi, B. K., Hunter, J. R. , Coleman, R. , Marsland, S. J., Warner, R. C. Modeling the basal melting and marine ice accretion of the
Amery Ice Shelf. J. Geophys. Res. 2012; 117, C09031
